Panic patients consistently show exaggerated lactic acid response to alkalosis, whether produced by hyperventilation or by sodium lactate infusion. Understanding why this occurs may provide important clues to the pathogenesis of panic disorder. Although brain hypoxia from excessive hypocapnia-induced cerebral vasoconstriction is often cited as the mechanism of elevated brain lactic acid in panic disorder, studies of brain metabolism show that hypocapnia rarely leads to brain hypoxia. Increased lactic acid production is a normal response to intracellular alkalosis and to intracellular cyclic AMP. Thus, other possible mechanisms of the exaggerated lactic acid response in panic disorder include a disturbance of mechanisms regulating intracellular pH and factors increasing intracellular cyclic AMP. Both mechanisms are consistent with the suffocation false alarm theory of panic disorder. This review suggests a theoretical framework for future magnetic resonance spectroscopy studies that can test some of the predictions of these competing models.
(The Journal of Neuropsychiatry and Clinical Neurosciences 2001; 13: [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] P anic disorder is a condition characterized by recurrent, unprovoked attacks of extreme anxiety. Despite considerable research suggesting a neurobiological component in the etiology of panic disorder, the mechanisms of its pathogenesis remain uncertain. The exaggerated lactic acid response to alkalosis, which has been consistently observed in panic disorder, may provide an important clue to the pathogenesis of this illness. This article examines the possible mechanisms of this exaggerated lactic acid response and how they may contribute to the underlying pathophysiology of panic disorder.
Dyspnea, reactive hyperventilation, and other signs of respiratory dysregulation are among the most consistent abnormal findings in panic disorder. [1] [2] [3] [4] [5] [6] [7] Patients with panic disorder also have an exaggerated lactic acid response to alkalosis produced by either hyperventilation [8] [9] [10] or sodium lactate infusion. [11] [12] [13] [14] [15] This abnormal lactic acid response to alkalosis may reflect an underlying disturbance in a metabolic process closely associated with the regulation of respiration, such as brain energy metabolism, brain pH regulation, or brain blood flow.
This article describes the normal pathways and regulation of lactic acid metabolism and reviews the literature demonstrating an exaggerated lactic acid response to respiratory alkalosis in panic disorder. The article also reviews current concepts of brain energy metabolism, pH regulation, and blood flow. In addition, it examines the possible roles of brain hypoxia due to cerebral vasoconstriction, disturbances in pH regulation, and effects mediated by adenosine 3Ј,5Ј-cyclic monophosphate (cyclic AMP) in causing this abnormal lactic acid response. Brain phosphorus-31 magnetic resonance spectroscopy (MRS) can noninvasively measure the concentration of high-energy phosphates and their breakdown products in brain parenchyma. Thus, phosphorus-31 MRS studies have the potential to test some of the predictions of these competing models of the exaggerated lactic acid response to alkalosis in panic disorder. Hydrogen ion concentration (pH) can also be measured by phosphorus-31 MRS, but with less sensitivity and reliability. 16 As new methods are developed, these limitations may be overcome. This article provides a theoretical framework for future phosphorus-31 MRS studies of these questions. Understanding the mechanism of the exaggerated lactate response to alkalosis in panic disorder may advance our understanding of the pathophysiology of this condition.
The mechanism by which intravenous sodium lactate causes panic attacks in panic disorder is not fully understood and may or may not be related to the exaggerated endogenous lactic acid response to alkalosis. The mechanism of lactate-induced panic is beyond the scope of this review.
LACTATE METABOLISM Lactate Production
An overview of lactate production and its regulation is diagrammed in Figure 1 . Lactate and pyruvate are the endproducts of glycolysis. Glycolytic flux is regulated primarily by factors reflecting the energy status and the acid-base balance of the cell. In general, lactate production is increased when the cell is alkalotic or when oxygen or high-energy phosphate supplies are low. Intracellular cyclic AMP can also increase lactate production.
Lactate is produced during the glycolytic phase of glucose metabolism. Adenosine triphosphate (ATP) is generated from glucose metabolism in two phases: 1) glycolysis in the cytoplasmic compartment metabolizes glucose to pyruvate and lactate, and 2) oxidative phosphorylation within mitochondria (the citric acid cycle) metabolizes pyruvate to CO 2 and H 2 O.
Oxidative phosphorylation produces 18 times more ATP per mole of glucose than glycolysis, but it requires adequate oxygen. Glycolysis can proceed with or without abundant oxygen and is the only physiologically significant mechanism of lactic acid production in humans. Through glycolysis, a molecule of glucose can be metabolized to two molecules of lactate and two H ‫ם‬ ions, producing two molecules of ATP (Figure 1 ). The equilibrium of the reaction catalyzed by lactate dehydrogenase causes lactate production to increase with increased glycolytic flux, even under normoxic conditions in which pyruvate is removed by oxidative phosphorylation. Under hypoxic conditions, the persistence of pyruvate and the shift in redox state further favors the production of lactate.
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Regulation of Lactate Production
Energy Metabolism: In the presence of adequate substrate, the rate-limiting step in glycolysis is the reaction catalyzed by phosphofructokinase (PFK). 18, 19 PFK is the primary site of action of several mechanisms regulating the rate of glycolysis. PFK is allosterically inhibited by the high-energy phosphates ATP and phosphocreatine
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(PCr) and disinhibited by adenosine monophosphate (AMP), adenosine diphosphate (ADP), and inorganic phosphate (P i ). These processes coordinate glycolysis with the energy needs of the cell. PFK is also inhibited by citrate, an intermediate in the citric acid cycle. This links glycolytic production of pyruvate to the needs of the citric acid cycle. Together, these regulatory factors link the rate of glycolysis inversely to the cytoplasmic concentration of high-energy phosphates and citric acid cycle intermediates. 18, 19 This linkage constitutes the primary mechanism by which hypoxia increases lactic acid production. Hypoxia impedes oxidative phosphorylation, thus decreasing ATP, PCr, and citrate, while increasing ADP, AMP, and P i . These mechanisms decreased inhibition of PFK and increased glycolytic production of lactic acid.
Acid-Base Status:
The activity of PFK is also regulated by the concentration of H ‫ם‬ ions. Lactic acid production decreases when intracellular pH is low (acidosis) and increases when intracellular pH is high (alkalosis). 20 This effect of pH on lactic acid production provides a homeostatic mechanism for generating H ‫ם‬ ions to rapidly counteract a state of intracellular alkalosis. 21, 22 Because CO 2 is a source of acid that rapidly crosses cell membranes, the respiratory alkalosis resulting from hyperventilation-induced hypocapnia causes an immediate intracellular alkalosis. Metabolic alkalosis can cause a delayed intracellular alkalosis. In their review of experimentally induced changes in acid-base status, Hood and Tannen 23 found that 12 of 12 studies of respiratory alkalosis and 12 of 15 studies of metabolic alkalosis observed an increase in net lactate production. In contrast, they found that 3 of 3 studies of respiratory acidosis and 7 of 9 studies of metabolic acidosis reported a decrease in net lactate production. The regulatory effect of pH on lactate production is modulated by the concentration of high-energy phosphates and the availability of glucose as a substrate for glycolysis. 20, 24, 25 Brautbar et al. 24 showed that a combination of hyperventilation-induced respiratory alkalosis and a continuous glucose infusion led to a five-fold increase in serum lactate after 60 minutes in dogs. This increase in lactate was attributed to the disinhibiting effect of alkalosis on glycolysis, as there was no evidence for intracellular hypoxia or high-energy phosphate depletion. These studies demonstrate that the homeostatic response to alkalosis can lead to substantial increases in lactate levels in the absence of any shortfall in oxidative metabolism.
Other Regulatory Influences: Intracellular cyclic AMP also increases glycolytic flux and lactic acid production.
These increases may be a direct result of disinhibition of PFK or an indirect result of increasing production of fructose-2-6-biphosphate, which in turn disinhibits PFK. 19, 26 The glycolytic effect of cyclic AMP links lactate production directly to the activity of metabotropic hormones and neurotransmitters.
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Lactate Clearance Most lactate is cleared by reconversion to pyruvate followed by decarboxylation to acetyl coenzyme A and oxidative phosphorylation. 28 This process consumes both lactate anions and H ‫ם‬ ions. All tissues that produce lactate also clear it by this pathway, except red blood cells (which lack mitochondria). Lactate can also be produced in one organ (e.g., muscle or brain) but consumed in another (most often the liver). In some tissues, lactate can be reconverted to glucose via gluconeogenesis, which also consumes H ‫ם‬ ions. Gluconeogenesis occurs primarily in the liver and accounts for approximately one-third of overall lactate clearance. 28 Substrate availability, enzyme activity, and hormonal effects all influence the rate of gluconeogenesis. Acidosis generally decreases lactate clearance, whereas alkalosis has more variable effects. 23 Lactate can be cleared by renal filtration when plasma concentrations exceed 6 mM/l.
Glycolysis and Lactate Metabolism in the Brain
Several distinctive features characterize glycolytic regulation in the brain. The endothelial cells of brain capillaries constitute the blood-brain barrier, which limits the diffusion of nutrients, hormones, and most other large or nonlipophilic molecules from the bloodstream into the extracellular fluid of the brain. With few exceptions, glucose is the only substrate for energy metabolism that passes from the blood into the brain. Brain capillaries are surrounded by the end-feet of astrocytes. Much of the glucose entering the brain appears to be transported directly into these astrocytes, which contain the most significant brain stores of glycogen. Recent evidence suggests that approximately half of the glucose entering astrocytes is metabolized via glycolysis to lactate, which is then shuttled to adjacent neurons to be metabolized aerobically. 29 These observations suggest that energy metabolism in the brain is partially compartmentalized. Glycolysis occurs primarily in astrocytes, which release lactate to adjacent neurons for subsequent oxidative phosphorylation. Recent studies have suggested that this compartmentalized brain glucose metabolism is tightly coupled to glutaminergic neuronal activity. Most glutamate released synaptically by neurons is taken up into astrocytes, where it is converted to glutamine and then shuttled back to neurons. The relatively small ATP re-MADDOCK quirements associated with glutamate uptake and cycling within astrocytes are met by glycolytic metabolism, whereas the larger ATP requirements associated with restoring neuronal membrane electrochemical gradients are met by the oxidative metabolism of lactate within neurons.
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STUDIES IN PANIC DISORDER Early Studies of Lactate Levels in Anxious Patients
The observation of exercise intolerance in patients with "anxiety neurosis" or "neurocirculatory asthenia" led to studies of the lactate response to exercise in these patients. These patients (who had many of the clinical features of panic disorder) were often found to have higher than normal lactate levels during exercise. 32, 33 Although Pitts and McClure 34 based their original lactate infusion experiments on these observations, these early exercise studies were flawed by inadequate controls for differences in fitness between the patient and control groups. The higher lactate levels during exercise in the patients may have simply reflected a lower level of fitness. Because of inherent difficulties matching patients and control subjects for fitness and the confounding effects of motivation and other psychological factors on physiological measures of fitness (such as maximal oxygen consumption), studies of the lactate response to exercise in panic disorder are likely to be inconclusive.
Hyperventilation and Elevated Lactate in Panic Disorder
Maddock and Mateo-Bermudez 8 conducted the first study designed specifically to investigate the effects of respiratory alkalosis on glycolytic metabolism and net lactate production in panic disorder. In this study, panic patients and control subjects hyperventilated to an endtidal pCO 2 of 20 mm Hg for 8 minutes. All subjects hyperventilated twice, once during an intravenous infusion of 10% glucose and once during an infusion of normal saline. Hyperventilation was intended to increase the activity of PFK by inducing an intracellular alkalosis, and thus to increase lactate production. Infusion of 10% glucose was intended to supply abundant substrate, which maximizes the alkalosis-induced increase in glycolytic flux. Patients and control subjects showed similar changes in pCO 2 during and after hyperventilation. In both patients and control subjects, serum lactate increased significantly after hyperventilation during both glucose and saline infusions, with a significantly greater increase occurring during the glucose infusion. As predicted, the panic patients had a significantly greater increase in serum lactate in response to hyperventilation during the glucose infusion than the control subjects ( Figure 2 ).
Subsequently, Maddock et al. 4 used oral glucose loading combined with hyperventilation to stimulate net lactate production in 12 panic patients and 12 control subjects. Again, both groups demonstrated significantly increased serum lactate, with larger increases seen in the panic patients. However, only the subgroup of 7 patients who experienced a panic attack during hyperventilation had a significantly greater increase in serum lactate than the control group. A meta-analysis of all 20 patients and 17 control subjects from the two studies combined revealed a significantly greater increase in serum lactate following hyperventilation and glucose loading in the panic disorder subjects compared with the control subjects ( Figure 3 ). When the total of 11 patients who panicked during hyperventilation, the 9 who did not panic, and the 17 control subjects were compared, only the patients who panicked had a significantly greater increase in serum lactate than the control subjects. The lactate levels in nonpanicking patients were intermediate between panicking patients and control subjects and did not differ significantly from either.
In contrast to the above findings, Gorman et al. 3 and Dager et al. 10 measured whole blood lactate following hyperventilation and found no differences between panic disorder patients and normal volunteers. However, whole blood lactate primarily reflects lactate levels in erythrocytes, which lack mitochondria and derive all their energy from glycolysis. For this reason, the dynamics of lactate metabolism in erythrocytes are dissimilar to those in all other tissues. Thus, whole blood lactate, unlike serum lactate, is an unreliable measure of systemic lactate.
Overall, these studies demonstrate greater increases in serum lactate in panic patients than control subjects following hyperventilation in the presence of abundant glucose. This suggests a greater systemic production of lactic acid under these conditions. However, it is not clear whether the exaggerated lactate response is a trait characteristic of panic disorder or simply a manifestation of acute anxiety or panic. Furthermore, measures of serum lactate reflect the net result of many factors, including the combined lactate production of all organs, the rate of efflux of lactate into the vascular compartment, and the total clearance of lactate. Organ-specific measures of lactate can provide more specific information about the metabolic basis of this abnormality in panic disorder.
In 1995, Dager et al. 10 reported the results of a proton magnetic resonance spectroscopy (proton MRS) study of the brain lactate response to hyperventilation, which addressed some of these questions. This study com-PANIC DISORDER pared asymptomatic, treatment-responsive panic disorder patients and healthy comparison subjects. There was no difference in the rate of anxiety or panic induced by hyperventilation to an end-tidal pCO 2 of 20 mm Hg for 20 minutes in the two groups. Although both groups showed a significant increase in brain lactate in response to hyperventilation, brain lactate was significantly higher in the remitted panic patients (Figure 4 ). These results suggest that the exaggerated lactate response to respiratory alkalosis reflects a trait characteristic of patients with panic disorder and is not just an expression of acute panic. However, it is unclear what effect the antipanic medications taken by many of these patients may have had on their lactate responses. This study also demonstrated that the exaggerated lactate response could be observed within the brain and that proton MRS provides a sensitive measure of the brain lactate response to respiratory alkalosis. A delayed recovery from hypocapnia to normocapnia following hyperventilation has been observed in panic patients 9 and could account for a greater overall lactic acid response to hyperventilation in these patients. This effect was noted in the panic patients in the study by Maddock et al. 4 and could have contributed to their greater overall lactic acid response. However, delayed recovery of normocapnia cannot account for the results Delayed recovery of normocapnia did not occur in the panic patients in the study of Maddock and MateoBermudez. 8 Dager et al. 10 found an exaggerated increase in brain lactate during controlled hyperventilation when pCO 2 was the same in patients and control subjects. In these studies, the panic patients had a greater lactic acid response to hyperventilation while having the same overall exposure to hypocapnia.
MADDOCK
Lactate Infusion and Elevated Lactate in Panic Disorder
The infusion of 10 ml/kg of 0.5 molar racemic sodium lactate produces a significant metabolic alkalosis and, paradoxically, a secondary respiratory alkalosis. 11 The latter may result from lactate acting as a respiratory stimulant. This combined metabolic and respiratory alkalosis could lead to increased endogenous lactic acid production, via the effect of intracellular pH on PFK. Most lactate infusion studies stop the infusion when the patient has a panic attack but continue the infusion for a full 20 minutes in subjects who do not panic. Since 70% to 90% of panic patients panic during the infusion compared with only 10% to 20% of normal subjects, the patients consistently receive less exogenous lactate than normal subjects. This difference confounds postinfusion measures of total serum or blood lactate. However, Liebowitz et al.
11 measured blood lactate frequently during the infusion and found significantly higher levels in the patients compared with the control subjects after an equal volume of infusion. Similarly, Rainey et al. 12 observed a more rapid increase in plasma lactate in panic patients than in comparison subjects at the same point in the infusion.
Several recent studies have used proton MRS to estimate brain lactate levels in response to sodium lactate infusions in panic patients. These studies, which administered full 20-minute infusions in all subjects, have consistently observed significantly greater increases in brain lactate in the panic patients than in the comparison group. [13] [14] [15] The disproportionate increase in brain lactate is most marked among patients who panicked in response to lactate infusion. In these lactate-sensitive subjects, brain lactate levels rise more rapidly during the infusion, reach higher levels, and remain elevated longer after the infusion compared with levels in control subjects ( Figure 5 ). In a second lactate infusion in a small subsample of these patients during clinical remission on fluoxetine, the brain lactate response remained disproportionately greater even when no lactate-induced panic attack occurred.
14 Thus, the findings from lactate infusions parallel those from hyperventilation studies. Panic patients show an exaggerated lactate response to both alkalotic challenges. The effect is most evident in patients who are sensitive to the anxiety-inducing effects of the alkalotic challenge. However, there is evidence that the exaggerated lactate response may be a trait feature of panic disorder, since it is also observed in remitted patients who do not panic during the procedure. Proton MRS consistently provides a sensitive measure of the exaggerated brain lactate response to alkalosis in panic patients. Importantly, none of these studies have investigated whether the exaggerated lactate response to alkalosis is specific to panic disorder.
POSSIBLE MECHANISMS
A variety of physiological or pathophysiological mechanisms may contribute to the exaggerated lactate response to alkalosis observed in panic disorder. Identifying the specific mechanism of this abnormal response may increase our understanding of the underlying pathophysiology of panic disorder. Three possible mechanisms suggested by investigators demonstrating this effect are 1) hypoxia secondary to cerebral vasoconstriction; 10, 12, 13, 35 2) a disturbance in the regulation of intracellular pH; 8,10 and 3) increased adrenergic activity. 8 The mechanisms are summarized in Table 1 . The following discussion examines the possible contributions of each of these mechanisms to the exaggerated lactate response to alkalosis observed in patients with panic disorder.
Cerebral Vasoconstriction and Brain Hypoxia
Cerebral blood flow changes rapidly in direct relationship to changes in arterial pCO 2 . One function served by this response is to counteract changes in brain pH, such as those occurring during hyperventilation-induced alkalosis. 22 Hyperventilation reduces cerebral blood flow (CBF) by 40% to 50%. 36 However, in both humans and animals, this decrease in CBF does not usually cause metabolic changes indicating brain hypoxia. The increase in brain lactate caused by hyperventilation appears to result from the direct effects of alkalosis on glycolytic flux. 19, 23, [36] [37] [38] However, it is possible that panic disorder patients have an abnormal vasoconstrictor response to alkalosis that leads to brain hypoxia. During hyperventilation, CBF reaches its minimum at an arterial pCO 2 of approximately 25 to 30 mm Hg. 36 Although lower arterial pCO 2 levels may not further reduce CBF, they impede oxygen delivery by the Bohr effect (the shift in the oxyhemoglobin dissociation curve to the left with increasing pH). Clinically, hyperventilation can lead to diminished mental function, slowing of the EEG, paresthesias, muscle contractions, and, in the extreme case, loss of consciousness. These effects are often interpreted as signs of progressive brain hypoxia. However, as summarized by Edvinsson et al., 36 "the clinical and experimental evidence for brain hypoxia is somewhat scant." Reviews of experimental studies of brain metabolism during hyperventilation have concluded that hyperventilation leading to a pCO 2 as low as 14 mm Hg does not produce brain hypoxia. 19, 37, 38 The subjective effects of hyperventilation may be the result of altered function of the numerous receptors, channels, transporters, and enzymes in neurons that are highly sensitive to increases in pH, rather than the result of hypoxia. 39 In attempting to determine the cause of increased lactate production in response to respiratory alkalosis, Siesjo 19 noted that it is difficult to distinguish between lactate production that occurs as a result of increased intracellular pH activating PFK and lactate production that occurs as a result of decreased oxygen delivery and cellular hypoxia. He concluded that "the most direct way of testing whether or not hypoxia is present is to measure concentrations of labile phosphates in the tissue." van Rijen et al. 40 measured brain lactate with proton MRS and additionally measured ATP, ADP, AMP, P i , PCr, and pH with phosphorus-31 MRS in human volunteers who hyperventilated to an average pCO 2 of 16 mm Hg. Concurrent transcranial Doppler sonography showed a 42% reduction in left middle cerebral artery flow. Brain lactate increased significantly during and after hyperventilation, but no change was observed in the MADDOCK phosphate compounds, suggesting that hypoxia did not occur.
Hyperventilation causes a large increase in arterial pH but only a small increase in brain pH. 40, 41 The relative stability of brain pH results from homeostatic processes, which serve to counteract changes in intracellular pH. One of the most important mechanisms of this defense against intracellular alkalosis in the brain is the increased production of lactic acid via glycolysis. 19, 37 This mechanism can operate in the presence of fully adequate oxygen tension. Numerous biochemical studies [42] [43] [44] [45] [46] [47] and more recent spectroscopic studies 40, 41 have shown that high-energy phosphate levels (ATP and PCr) remain unchanged during hyperventilation that produces pCO 2 levels of approximately 14 mm Hg. Only one study, which involved severe hypocapnia in rats, (pCO 2 ‫01ס‬ mm Hg) found evidence for decreased PCr and increased ADP, indicating that metabolically significant hypoxia had occurred. 48 Studies of cerebral oxygen consumption (CMRO 2 ) during hyperventilation also typically show no reduction in CMRO 2 . 47, 49, 50 Overall, the evidence suggests that respiratory alkalosis leading to a pCO 2 of Ն14 mm Hg produces a rise in brain lactate as a result of increased glycolysis in the service of regulating intracellular pH, and that brain hypoxia does not occur.
However, it is possible that an abnormal cerebrovascular response to alkalosis in panic disorder could render such patients distinctly vulnerable to brain hypoxia during hyperventilation. Recent studies have produced preliminary evidence for an abnormal vasoconstrictor response to respiratory alkalosis in patients with panic disorder. Two studies using transcranial Doppler ultrasonography of basilar artery blood flow found that panic patients have a greater than normal reduction in basilar artery flow during moderate hyperventilation (pCO 2 ‫52ס‬ mm Hg). 51, 52 However, there is not yet any evidence that metabolically significant hypoxia occurs in panic patients during hyperventilation. Nonetheless, a vulnerability to cerebral hypoxia during mild to moderate respiratory alkalosis could contribute to many of the characteristic manifestations of panic disorder.
Phosphorus-31 MRS studies of high-energy phosphates could provide an experimental test of the hypothesis that respiratory alkalosis leads to metabolically significant brain hypoxia in panic patients and not in normal subjects. Using this technique in normal volunteers, Van Rijen et al. 40 have shown that ATP, ADP, AMP, P i , and PCr do not change with hyperventilation (to a pCO 2 of 15.8 mm Hg). If ATP and PCr decreased while ADP, AMP and P i increased in response to a similar degree of hyperventilation in panic disorder patients but not in normal subjects, this would demonstrate an abnormal vulnerability to brain hypoxia in response to respiratory alkalosis in panic disorder.
A Disturbance in the Regulation of Intracellular pH
Intracellular pH is one of the most tightly regulated parameters in the mammalian nervous system. The maximum change in H ‫ם‬ concentration that can be tolerated is approximately 0.00005 mM. 22 H ‫ם‬ concentration changes beyond this range can disrupt the tertiary structure, and thus the function, of cellular proteins. Intracellular pH is controlled by a variety of regulatory mechanisms, including the increased production of lactic acid in response to alkalosis. The exaggerated lactic acid response to alkalosis in panic disorder could result from a metabolic disturbance that increases the activity of this pH regulating mechanism. For many illnesses, including panic disorder, experimentally demonstrated physiological disturbances often represent compensatory and adaptive responses to underlying, and perhaps less easily observed, abnormalities in function. 53 From this perspective, the increased lactic acid production could represent a compensatory response to a deficiency in one of the other homeostatic mechanisms protecting intracellular pH.
A variety of different mechanisms could cause a compensatory increase in lactic acid production during alkalosis. Intracellular pH is regulated by a combination of three mechanisms: 1) physicochemical buffering, 2) transport of H ‫ם‬ (acid) or HCO 3 -(base) across the cell membrane, and 3) metabolic processes generating or consuming H ‫ם‬ ions. Increased glycolytic production of lactic acid is the most important example of the last mechanism. 22, 39, 54 A relative deficiency in one of the buffering or transport mechanisms protecting intracellular pH could lead to a wide range of abnormalities in the response of panic patients to disturbances of intracellular pH. These could include altered responses to acidotic as well as alkalotic challenges, such as the increased sensitivity to hypercapnia often noted in panic disorder. 1, 35 The presence of a pH regulating deficiency of this type in panic disorder could, in principle, be detected by a phosphorus-31 MRS study of the intracellular pH response to hyperventilation. In this general model, the increased lactic acid production results not from hypoxia, but from a deficiency in one of the mechanisms protecting against alkalosis. The model predicts that during hyperventilation, panic patients compared with normal subjects would not show a decrease in high-energy phosphates and would have a slower or less complete correction of hyperventilation-induced intracellular alkalosis. This effect might be most apparent under conditions that limit lactic acid production, such as substrate depletion by prolonged hyperventilation in PANIC DISORDER fasting subjects. This depletion would limit the extent to which increased lactic acid production could compensate for the hypothesized deficiency in intracellular pH regulation.
This model posits a deficiency in one of the buffering or transport mechanisms that regulate intracellular pH. The most important intracellular physicochemical buffer is the CO 2 /HCO 3 -system. Additional intracellular buffering capacity results from the imidazole groups on histidine residues of proteins and the free and bound forms of phosphate (including inorganic phosphate, AMP, ADP, and ATP). 55 A deficiency in one of these buffers could lead to a greater reliance on lactic acid production in the homeostatic response to intracellular alkalosis. At present, however, there is little evidence of deficiencies in these intracellular buffers in panic patients. In a phosphorus-31 MRS study of frontal cortex in treated patients with panic disorder and control subjects under "resting" conditions (without any controlled psychological or physiological manipulations), Shioiri et al. 56 found no significant differences in levels of any phosphate compounds.
Multiple active and passive mechanisms for transporting H ‫ם‬ or HCO 3 -across the cell membrane have been identified in brain parenchyma. These mechanisms modify intracellular and interstitial pH in a reciprocal manner. In neurons and glia, passive entry of H ‫ם‬ through the glutamate-gated cation channel and passive efflux of HCO 3 -through the GABA-gated chloride channel may slightly acidify the neuron and alkalinize the interstitial fluid. 57 Multiple active transport mechanisms that help regulate intracellular pH have been demonstrated in neurons and glia. 58, 59 Four types of Na ‫ם‬ /H ‫ם‬ exchanger (NHE) have been found in the brain. 58 The NHEs alkalinize the neuron by exchanging intracellular H ‫ם‬ for extracellular Na ‫ם‬ . The extrusion of H ‫ם‬ by NHEs is activated by agonist binding to both beta and alpha adrenoreceptors. [60] [61] [62] Another pH regulating transport mechanism, the Cl -/HCO 3 -exchanger, is particularly important in the recovery of cortical neurons from intracellular alkalosis. 63 This anion exchanger also helps regulate the smooth muscle vasoconstrictor response to alkalosis 64 and the respiratory response to hypercapnia. 65 Intracellular pH is also regulated by a H ‫ם‬ / lactate cotransporter, which influences pH in both neurons and glia, 58, 59 and by an Na ‫ם‬ /HCO 3 -cotransporter, which is specific to glia. The latter mechanism may have an important role in linking glutamate uptake to glial alkalinization and increased production of lactic acid. All of these active transport mechanisms can operate in both directions, to either acidify or alkalinize neurons. 58 Dysregulation of one of the pH regulating transport mechanisms in patients with panic disorder could lead to an exaggerated, compensatory lactate response to alkalosis, as well as other abnormal responses to changes in pCO 2 and intracellular pH.
It is important to note that an exaggerated cerebral vasoconstrictor response to hyperventilation could itself result from a disturbance in pH regulation. Intracellular and perivascular pH of the smooth muscle cells lining the cerebral arterioles are principal determinants of the cerebral vasoconstrictor response to hyperventilation. 36 An exaggeration of this vasoconstrictor response, which preliminary evidence suggests occurs in panic disorder, could result from a dysregulation of one of the homeostatic mechanisms, such as the Cl -/HCO 3 -anion exchanger, which normally limit the hyperventilationinduced increase in pH within arteriolar smooth muscle cells.
Cyclic AMP-Mediated Effects
Cyclic AMP stimulates lactate production via either a direct or an indirect stimulation of PFK. Thus, the many hormones, neurotransmitters, and drugs that activate the cyclic AMP second messenger system, including the catecholamines, could increase lactate production by this mechanism. The blood-brain barrier, however, prevents circulating epinephrine and peptide hormones from increasing intracellular cyclic AMP levels within brain parenchyma. Most glycolysis in the brain appears to occur in astrocytes, and these cells are influenced by the synaptic release of norepinephrine (NE) and vasoactive intestinal polypeptide (VIP). These neurotransmitters increase intracellular cyclic AMP via their metabotropic receptors on astrocytes, and thus increase glycolysis and lactate production. The arborization patterns of VIP-containing and NE-containing neurons in the cortex suggest that the former regulate glycolytic metabolism locally while the latter have more global effects on glial glycolytic metabolism. 29 Heightened activity of this noradrenergic system could contribute to the globally increased brain lactate response to alkalosis observed in panic disorder. 15 In this scenario, a phosphorus-31 MRS study would be expected to show no decrease in high-energy phosphates and, if sufficiently sensitive methods were available, a more rapid or more complete normalization of intracellular pH during hyperventilation-induced alkalosis in panic patients. These effects would occur because enhanced lactic acid production would supplement other pH regulating responses. Furthermore, in this model, the exaggerated lactate response to alkalosis in panic disorder could be blocked by centrally active betablockers such as propranolol. Finally, this model pre-MADDOCK dicts that alkalosis is not essential for excess lactate production to occur in panic disorder and that elevated lactate levels would be expected in response to a variety of anxiogenic challenges. Consistent with these ideas, Uhde and Boulenger 66 showed that the ingestion of 480 mg of caffeine (which increases intracellular cyclic AMP levels and crosses the blood-brain barrier) led to a greater increase in plasma lactate in panic patients compared with control subjects. Tancer et al. 67 subsequently showed that panic patients had a greater lactic acid response to caffeine than patients with social phobia, using a similar challenge procedure. However, these findings are difficult to interpret because the panic patients and the control subjects in these studies were not matched for usual caffeine consumption. Panic patients frequently consume little or no caffeine. 68 Dager et al. 69 have shown that nonclinical subjects have a greater brain lactate response to caffeine during prolonged caffeine abstinence than during regular use. Thus the exaggerated lactate increase in the panic patients may have resulted from a lesser degree of tolerance to caffeine. Further studies of lactate levels in response to anxiogenic challenges that do not affect pH would help to define the conditions under which panic patients show an exaggerated lactic acid response.
Implications for Pathogenesis
Any comprehensive theory of the pathogenesis of panic disorder must incorporate a biopsychosocial perspective because elements from each domain can influence onset, continuation, and recovery in this illness. However, abundant evidence from biological, family, and twin studies suggests that an underlying neurobiological dysfunction is present in panic disorder. The exaggerated lactate response to alkalosis in panic disorder may be one manifestation of such an underlying abnormality. Each of the possible mechanisms discussed above could have a causal or contributory role in the pathogenesis of panic disorder. Alternatively, the exaggerated lactate response to alkalosis in panic disorder may simply be an epiphenomenon of the illness, one of the many physiological changes consequent upon recurrent panic attacks. This latter possibility is less likely in view of the replicated finding that the exaggerated lactate response also occurs in panic patients during clinical remission. 10, 14 Cerebral hypoxia in response to mild respiratory alkalosis could have a contributory role in panic attacks: mild hyperventilation triggered by anxiety could lead to symptoms of hypoxia and thus exacerbate the "vicious cycle" of panic. This mechanism is unlikely to be a primary cause of panic disorder, since it is clear that hypocapnia does not consistently precede or trigger panic attacks. 70 Similarly, dysregulation of intracellular pH would be expected to have only a contributory, not a causal, role if the dysfunction is limited to mechanisms that counteract alkalosis, since alkalosis does not consistently precede or trigger panic attacks. However, many brain pH regulating mechanisms function across the entire range of physiological pH, including alkalotic, normal, and acidotic conditions. 58 An abnormality that affects the regulation of intracellular pH across its entire physiological range could have a causal role in panic attacks and would be consistent with the suffocation false alarm theory of panic disorder. 1 This theory argues that 1) detection of imminent suffocation triggers an evolved response that includes breathlessness, panic, and the urge to flee, and that bears many similarities to a spontaneous panic attack, and 2) these symptoms and other features of panic disorder, such as respiratory dysregulation, lactate and carbon dioxide hypersensitivity, and sleep panic attacks, support the proposition that panic attacks result from a physiological misinterpretation by a "suffocation monitor" that inappropriately sets off the suffocation alarm response. The neural system that monitors the adequacy of ventilation is primarily influenced by the intracellular pH within chemosensitive neurons in the brainstem. 65 A disturbance in the regulation of intracellular pH could lead to misinterpretations of the adequacy of ventilation and thus trigger recurrent false suffocation alarms, even though compensatory mechanisms ultimately prevent any metabolically harmful deviations from normal intracellular pH.
Heightened activity of the beta-adrenoreceptor system affecting brain cell glycolytic metabolism could be one expression of a more general disturbance of central noradrenergic systems in panic disorder. Altered noradrenergic function could be an epiphenomenon of the illness, or it could play a role in its pathogenesis. Central noradrenergic systems appear to play a key role in fear and arousal, as well as in cardiopulmonary regulation. 71 In addition, increased glycolytic production of lactic acid due to heightened beta-adrenoreceptor activation could lead to transiently decreased intracellular pH, which in chemosensitive regions could influence respiratory regulation and trigger false suffocation alarms. Arguing against an important role for beta-adrenergic mechanisms in the pathogenesis of panic disorder is the inconsistent evidence for efficacy of centrally active beta-blockers in the treatment of this condition. 72, 73 In addition, peripheral beta-adrenoreceptor systems have consistently been shown to be downregulated and desensitized in panic disorder, 53 although it is not known if similar dynamic changes occur in the central norad-PANIC DISORDER renergic system. Nonetheless, there are many interactions between pH and the noradrenergic system. Alkalosis increases beta-receptor agonist binding affinity, 74 and decreased vesicular pH resensitizes beta receptors. 75 In turn, both alpha and beta receptors can activate the Na ‫ם‬ /H ‫ם‬ exchangers, which regulate intracellular pH. A dysregulation of the central noradrenergic system or a disturbance of the complex interaction between the noradrenergic system and the regulation of intracellular pH could have either a contributory or a causal role in the pathogenesis of panic disorder.
SUMMARY AND CONCLUSIONS
Lactic acid production in humans can increase 1) as part of the normal homeostatic response to intracellular alkalosis, 2) in response to metabolically significant hypoxia, and 3) in response to agents such as norepinephrine, which act to increase intracellular cyclic AMP. Patients with panic disorder consistently demonstrate an exaggerated increase in lactate level in response to respiratory alkalosis. This effect has been observed in both serum and brain lactate levels in response to the respiratory alkalosis produced by hyperventilation and the mixed metabolic and respiratory alkalosis produced by a sodium lactate infusion. Three distinct mechanisms have been proposed to account for this abnormality in panic disorder: 1) hypoxia caused by an abnormally severe cerebral vasoconstrictor response to hypocapnia; 2) heightened noradrenergic activity; and 3) a compensatory response to a dysregulation or deficiency of one of the components of intracellular pH regulation. The latter model may have more explanatory power, since it can account for a wider range of abnormal responses to changes in pH-including the exaggerated cerebrovascular response to hyperventilation that been reported in panic disorder. A disturbance in the regulation of intracellular pH could give rise to the characteristic dysregulation of respiration in panic disorder and is consistent with the suffocation false alarm theory of panic disorder. Especially as more sensitive techniques become available, it may be possible to test these hypothesized mechanisms by experiments that use phosphorus-31 MRS during hyperventilation to measure brain highenergy phosphates and pH in patients with panic disorder. Understanding the physiological mechanism of this exaggerated lactate response to alkalosis may contribute to our understanding of the pathophysiology of panic disorder. However, the question of whether an exaggerated lactate response to alkalosis is specific to panic disorder remains to be answered. Thus, future studies should also examine this phenomenon in patients with other psychiatric disorders, such as major depression and social phobia.
